Death invariably follows extirpation of the liver in mammals. The first symptoms which arise are due to hypoglycemia, and vanish upon administration of glucose (1-5). For several hours, if sugar is given, the animals show no symptoms but later, despite all treatment, a second clinical stage develops, characterized by ataxia, weakness, coma and respiratory failure and ending in death (4, 5). The sequence of events is the same in the rabbit as in the dog (6-8). As the cause of the fatal issue is unknown, the work to be reported here was undertaken in an attempt to gain insight into it. We have endeavored to learn whether rabbits manifesting the symptoms of the advanced or "second stage" of liver insufficiency can be aided by the circulation of their blood through the livers of healthy animals or by crosstransfusion with normal animals. A preliminary note based upon some of this work has already been reported elsewhere (9).
animals, trials were made with etherized normal ones. A carotid artery and external jugular vein were connected with the portal vein and hepatic vein respectively of the freshly removed livers of other rabbits and the blood was allowed to run through the organ for periods ranging from 2 to 6 hours. The technique will be described below. During the tests flow was free through the livers and the current in the intralobular capillaries could be observed with a microscope. The large amounts of bile secreted by the transfused organs gave evidence of their functional integrity. Sections of the hepatic tissue taken at the end of the experiments showed no changes from the normal appearance; and the healthy rabbits which furnished blood showed no ill effects whatever.
We next endeavored to determine whether the passage of liverless animals' blood through the liver of a normal rabbit would bring about 503
clinical improvement after the symptoms of advanced liver insufficiency had developed. In all, fourteen experiments were made, of which four were carried to completion without any perceptible faults of technique which might render the findings questionable. The results of the other ten experiments were confirmatory of these four.
Method
Male rabbits 1800-2000 gm. in weight were used. They were submitted, 6 weeks before the experiments, to a preliminary operation (7) to develop collateral circulation about the liver. At the end of this period, and following a fast of 78 hours, with access to water, hepatectomy was done under ether anesthesia by a method already described (7) , and two short, paraffined, glass cannulae were put in the left carotid artery and the left external jugular vein. Each cannula, already filled with 10 per cent sodium citrate solution, had on its free end a tightly fitting bit of rubber tubing a centimeter in length and after it had been filled with isotonic sodium citrate solution (3.8 per cent), it was plugged with a short bit of glass rod. The plugs drove some of the citrate solution into the lumina of the vessels--thereby preventing clotting about them. A sterile vaseline dressing kept the vessels and surrounding structures moist.
In several preliminary experiments these cannulae were not put in place until the transfusions were about to be done. In such instances unavoidable traction on the cervical nerves in animals already in the second stage of liver insufficiency caused depression of the blood pressure and in one instance death. Thereafter the cannulae were always inserted at the time of the original operation.
It was planned to perform "liver transfusions" only after the second stage was clearly manifest in the liverless animal. As a period of 12-16 hours usually elapsed before symptoms of second stage liver insufficiency developed, hepatectomy was usually done in the evening.
The animals were given warm 25 per cent glucose by mouth and left in a warmed cage for the night. The following morning they appeared quite normal. Examination showed the pupiUary and musculo-motor reflexes, pulse, temperature and respiration to be normal. A blood specimen of 0.2 co. was taken for blood sugar determination, but, without waiting for the finding, warmed glucose, 10-15 cc., was intravenously injected in isotonic solution (5.4 per cent). At regular intervals thereafter the injections were repeated. Frequent blood sugar determinations by the Hagedorn-Jensen (10) method served as a guide to regulate the amounts to be given to keep the blood sugar concentration well above normal at all times. At intervals the blood pressure was determined through the carotid cannula.
To maintain the temperature of the animals, they were kept on a warm pad and roofed over by a wire caging covered with cotton wadding. Besides the pad a silvered electric light bulb kept up the warmth in the caging. As at least one observer was in constant attendance upon the animals, the temperature was regulated by turning the light on or off.
From time to time the pupillary and musculo-motor reflexes were examined. At these times, before the second stage symptoms of liver deprivation had begun they were normal, and the pulse, respiration and temperature, recorded at intervals of a few minutes through all the experiments, were normal too.
While the liverless rabbit was still in the first stage, blood specimens from four male rabbits of about the same size were taken and examined for cross-agglutination with the blood of the liverless animal. From amongst the four, three donors with compatible blood were readily selected. Incompatibility is rare in rabbits.
The approach of the second stage after hepatectomy was usually first detected by a change in the animals' posture. During the first stage hepatectomized rabbits receiving the necessary injections of dextrose sit as do normal animals, with elevated head and the paws drawn well under the body. At the approach of the second stage one notices a drooping head and the paws tending to sprawl apart. The animals seemed startled when touched and soon showed ataxia if placed on the floor and allowed to move about.
With the development of these early signs in the liverless animal with blood sugar artificially maintained at a high level, two of the selected donors were bled 30-35 cc. The blood was defibrinated and placed in a water bath at 39°C. When a short time later the signs of the second stage of liver insufficiency had become clearly manifest in the liverless animal a third, freshly fed donor rabbit was anesthetized with ether and injected intravenously with 5 cc. of 1 per cent heparin solution. Paraffined cannulae, fUed with the defibrinated blood and plugged, were swiftly placed in the portal vein above the juncture with the splenic vein and also in the vena cava just above the entrance of the renal vein. A third cannula was inserted into the bile duct after tying and cutting the cystic duct. The thorax was then opened and a ligature rapidly thrown about the inferior vena cava above the diaphragm. The liver, with cannulae in place in the extrahepatic portions of its vessels, was removed together with the portion of diaphragm surrounding the vena cava. The whole was immediately submerged in a bath of warm paraffin oil at 39°C. contained in a soft basin of rubber dam tissue fixed within the rim of an iron ring-stand. At once thereafter the cannulated carotid artery of the liverless rabbit was connected with the portal vein cannula of the liver preparation, and the jugular was hitched to the inferior vena cava. This was done by means of short paraffined rubber tubes which, together with the eannulae, were filled with defibrinated blood and clamped. The tube leading from the carotid artery bore a side arm connecting with a mercury manometer for blood pressure readings. 3 cc. of 1 per cent heparin solution was added to 15 cc. of blood from one of the donor rabbits and the tube filled with this and clamped between the manometer and the liver preparation. Now, 25 cc. of the blood of the first or second donor rabbit was slowly injected through the rubber tubing beyond the clamp in the direction of the portal vein of the liver preparation, together with 5 cc. of 1 per cent heparin solution, This was done to charge the liver preparation with blood, thus prevent? ing subsequent loss of blood from the liverless animal into it. No fall in blood pressure of the hepatectomized animal resulted when heparin was injected first into the liver preparation and distributed to the blood in this way. The clamp on the vena cava-jugular vein connection was released and at once a flow of blood occurred from the liver toward the hepatectomized rabbit. The remaining clamp on the carotid artery-portal vein connection was next removed and circulation through the excised liver commenced. As result the arterial blood passed through the portal vein to the liver lobules, and reaching the vena cava by way of the hepatic vein, entered the liverless rabbit once again. The upper end of the vena cava had been ligated and so too had the hepatic artery. Excessive flow of blood from the carotid artery, with resultant distention of the liver with blood, was prevented by partial occlusion of the tube attached to the carotid cannula. The temperature of the oil bath containing the liver was maintained at 38-38.5°C. by constantly stirring in additions of paraffin oll at 40.5°C. and draining an equal quantity from the basin. The liverless rabbit remained on the warm pad under the canopy of cotton wadding. Pulse, temperature and respiratory rate were constantly observed.
Blood flow was usually visible in the cannulae but at intervals the occurrence of flow through the liver was confirmed by pinching the tube leading to the jugular vein. Under these circumstances the livers filled with bright blood in about 20 seconds when full flow from the artery was permitted, and emptied in 40 seconds when it was cut off. Bubbles of lymph were seen escaping from the cut lymphatics of the liver, under the oil, and bile was copiously secreted, as shown by the flow from the cannula in the bile duct. In the four experiments of this nature the livers were transfused from 1½ to 4 hours. To terminate the transfusion the connecting tubes were simply cut and plugged, avoiding all traction on the cervical nerves. A blood specimen of the hepatectomized animal was then taken at once for sugar determination and an intravenous injection of warmed isotonic glucose was given without awaiting the blood sugar findings. The pupillary and musculomotor reflexes were examined and the animal was observed for ataxia, weakness, blindness and other symptoms of second stage liver insufficiency. It was kept on the warm pad until death occurred, given ample glucose, and pulse, temperature and respiration were observed at short intervals. Careful autopsies were performed to determine whether hemorrhage, insufficient collateral circulation or any cause of death could be found, other than absence of the liver. Blocks were taken from the different lobes of the donor liver. Invariably the sections from these were completely normal in appearance.
The transfusion of the blood of the liverless animals through normal livers produced no clinical improvement whatever, although the functional integrity of the donor liver was evidenced both by the formation of much normal looking bile during the experiments and by the lack of histological change of the hepatic tissue. In each of the experiments some 6-8 cc. of clear green bile was obtained from the cannula in the bile duct. Furthermore, the flow of blood through the transfused livers was always excellent. As soon as the liver transfusion was begun the donor liver became bright red and swollen; but the blood coming from it was distinctly darker than that entering. Partial occlusion of the recipient's carotid artery produced prompt reduction in the liver's size and a change in color to a darker hue.
Cross-Transfusions between Normal and Liverless Animals
Since "liver transfusion" failed to ameliorate or reverse the symptoms of advanced liver insufficiency it seemed wise to resort to crosstransfusions between liverless animals and intact normal ones. This procedure introduces many influences not present in a "liver transfusion;" and if it were carried out soon enough after hepatectomy there should be no reason for the liverless rabbit to develop any insufficiency. We purposely delayed it until the second stage of liver insufficiency had set in. Under these circumstances an opportunity was provided for amelioration through an elimination of toxic substances by way of the intact "liver and the excretory organs of the donor. One was also afforded for the observation of possible effects of the cross-transfusions upon the donors, from which one might infer the accumulation of toxic substances in the blood of the liverless rabbits. In many ways the symptoms of the rabbit dying of liver insufficiency suggest that there exists a toxic depression of the central nervous system (4). To explore this possibility some of the crosstransfusions were so carried out as to prevent the dilution of the recipient's blood before it should reach the central nervous system of the donor. In these, as will be described below, the blood leaving each animal from a cannula in the proximal end of the carotid artery entered the circulation of the other through a cannula situated in the distal end of the carotid. In the ordinary experiments cross-transfusions were performed from the carotid artery of one animal to the jugular vein of the other and vice versa.
Control Experiments.--Four cross-transfusions between pairs of equal sized normal rabbits were performed under ether anesthesia. In two experiments, after testing the bloods 6"f the prospective partners for compatibility, paraffined cannulae were inserted in the left carotid arteries and left jugular veins of each animal and connected by short paraffined rubber tubes 3 cm. in length in such a way that the carotid blood of one animal flowed into the jugular vein of the other. In the other experiments two cannulae were placed in the left carotid artery of each of the animals and connected by rubber tubes in such a way that blood flow from the proximal end of the carotid artery of each one passed into the distal end of the carotid of the other. To prevent clotting in the cannulae prior to the transfusion they were filled with heparinized blood and stoppered as in the previous work. 5 minutes before each experiment was begun both animals received intravenously 3-5 cc. of 1 per cent heparin solution. The cross-transfusions were allowed to continue l, 2, 3 and 4 hours respectively. No untoward symptoms developed. Only insignificant changes in pulse and respiratory rate were observed. In one of the experiments the effect of bleeding one animal into the other and vice versa was repeatedly tried, by temporarily clamping the carotid artery of one. When the blood pressure of the bled animal fell to about 10 ram. of mercury that of the other rose but 15-20 ram. above its "normal" under the conditions. Both pressures returned to the previous level when the cross-flow of blood was again permitted.
Cross-transfusions were next carried out between normal rabbits and liverless ones in the second stage of liver insufficiency. The liverless animals at times showed slight improvement, perhaps owing to better circulation of the blood, for the skin often became more pink and warm, but, though the cross-transfusions were continued, the animals lapsed rapidly into their previous state.
Methods and Technique
Rabbits of 1800--2000 gin. were submitted to a preliminary operation (7) to develop collateral circulation about the liver, and later, under ether anesthesia, the liver was removed and two cannulae inserted in the vessels of the neck. Both were placed in the same carotid artery in some experiments, one directed toward the heart, the other toward the head; and in other experiments one in the carotid artery, toward the heart, the other in the jugular vein. They were filled with 10 per cent sodium citrate solution and closed off with pieces of glass rod as usual.
Save where special mention is made the further postoperative treatment of the • liverless animals was as in the previous work. Warmed glucose was given by mouth the first night after operation and on the following day intravenously, frequent blood sugar determinations serving as guide to the amounts to be given. As routine, but more frequently than in the instances used for "liver transfusions," the blood pressure of the animals was taken from the carotid cannula,--at hourly or half hourly intervals,--to determine the pressures at which the later crosstransfusion should be done.
For the transfusion two donor rabbits of about the same size as the liverless recipient were selected by cross-agglutination tests for compatibility. From one 40-50 cc. blood was taken with light ether anesthesia from the carotid artery, aseptically defibrinated and kept in a water bath at 39°C., ready for use as will be described below. The other donor was lightly anesthetized with ether and two cannulae were placed in the neck vessels, the location depending upon the type of cross-transfusion to be done.
After hepatectomy about half the rabbits passed into the second stage of liver insufficiency without significant changes in blood pressure as measured from time to time by a mercury manometer brought into connection with the cannula in the carotid artery.
The others showed a marked fall prior to the onset of the second stage. As the experiments demanded postponement of the transfusions until the animals were manifestly in this stage, and as we did not wish to mistake an ordinary improvement in blood pressure resulting from transfusion for an improvement in general condition due to relief from the hepatectomized condition, the liverless animals with low blood pressure were given injections of the defibrinated blood in sufficient amount to maintain the blood pressure until the symptoms of the second stage had fully developed. At times 25--40 cc. was required, given slowly at intervals, in 3-4 cc. amounts. When the second stage was fully established in the recipient, both animals were given 5 cc. each of heparin solution (10 rag. per cc.), and crossconnections were made with the cannulae by means of short rubber T tubes in such a way that blood flow from the proximal end of the carotid artery of each passed into the distal end of the other and so toward the brain, or, in the instances in which the jugular vein had been cannulated, from carotid artery to vein. Mercury manometers were attached to each of the tubes connecting the cannulae. These afforded continuous readings of the pressure at which blood flowed from one animal to the other. By clamping the tube on either side of the manometer by-pass, the blood pressure in the carotid of either animal could be obtained. The tubes leading to the manometers also carried a short side arm attached to a greased Luer syringe through which blood could be added to or recovered from the circuit at will. Immediately before beginning cross-transfusion the blood pressure of the recipient was brought up to that of the donor, when it was somewhat lower, by the addition of as much compatible defibrinated blood as necessary. The blood, already taken from one of the donors, was given through a syringe to the donor of the cross transfusion and that animal was allowed to bleed an equal amount into a second syringe. This blood was in turn given to the recipient. In this way we avoided direct injection of defibrinated blood into the sick recipient, yet without changing the donor's blood pressure allowed the latter to furnish blood enough to the recipient to equalize the pressures in the animals. The cross-transfusion was then begun and the flow of blood adjusted thereafter by partial occlusion of the connecting tubes, so that the blood pressure of the liverless recipient remained throughout the experiment at approximately the same. level as previously, or very slightly higher.
It was found by repeated determinations in the majority of experiments that the blood pressure of each animal at the proximal end of the carotid artery averaged about 5 mrn. of mercury more than the transfusion pressure, that is to say the reading of the manometer without obstruction to the blood flow between animals.
The cross-transfusions were allowed to run for 2-4½ hours. At frequent intervals tests for flow in the connecting tubes were made by means of the greased Luer syringes. Simultaneous obstruction of the afferent blood flow to each animal close to the distal carotid (or jugular vein) cannulae caused the efferent streams of blood to pass into the syringes. By releasing the obstruction and in turn preventing efferent flow from both animals the material in the syringes could be expelled by way of the distal cannulae. In the instances in which jugular cannulations were used the jugular veins at each end of the venous cannula showed a bulbous swelling which disappeared at once when the tubes leading to them were pinched. Furthermore blood flow was usually visible in the cannulae.
As the transfusions continued the blood pressures of donor and recipient usually fell slightly. At intervals of approximately 20 minutes, 2½-4 cc. of a 1 per cent heparin solution was injected in small doses into the tube leading to the donor. Transient falls in blood pressure resulted but were recovered from rapidly. Occasionally the blood pressure of one animal or the other would increase and there must have resulted some surge of blood from the one with higher pressure to the other. But pressure equilibrium was always soon re-established.
In two of the experiments the untouched carotid artery of the donor rabbit was ligated after the cross-transfusion had run for half an hour. This rendered the cerebral circulation of the donor almost wholly dependent upon blood supplied by the liverless rabbit.
As in the "liver transfusions" so in these the cross-flow of blood was terminated, when desired, by cutting and plugging the connecting rubes. Thus all traction on cervical nerves was avoided. As soon as a cross-transfusion was discontinued the liverless animal was given glucose, its corneal and musculo-motor reflexes were tested and it was examined for ataxia.
In the twelve experiments, five of which were wholly free from technical errors, the liverless rabbits showed no improvement. During the cross-transfusions the pulse rate slowed slightly, as one would expect with the advancing second stage of liver insufficiency. Immediately after the transfusions the animals showed no amelioration of the symptoms of the second stage. The muscular weakness, ataxia, apparent blindness and diminution of the corneal reflexes were usually more pronounced than before the transfusion. In a few instances gasping respiration, present before the transfusion, ceased for the first half hour of blood flow but began again before the transfusion was finished. In general it can be said that the second stage of hepatic insufficiency progressed during the cross-transfusion itself, although its progress was usually far more rapid after the procedure.
In three of the five experiments the liverless animals entered the second stage with normal or almost normal blood pressure. In two instances abnormally low pressures existing an hour or two before cross-transfusion were rectified by injections of blood and further raised when the cross-transfusion was begun. The improvement was slight and short lived, however, and the phenomena of the second stage of liver insufficiency became more marked during the transfusion period,--this despite the fact that the pale skin of these recipients often became pink and that in one instance the blood pressure was raised from 40 rag. of mercury to 100. Clearly the late course of events after liver deprivation, that which leads to death, is not averted or even importantly delayed by cross-transfusion. We have rigorously ruled out all instances in which slips in technique or pathological conditions might have affected the results.
DISCUSSION
The work here detailed has shown the late changes occurring in liver insufficiency to be irreversible. What can one say of the origin of these lethal changes arising in the animal deprived of the liver?
It is evident that the second stage of liver insufficiency does not result merely from an overwhelming accumulation of toxic substances in the organism, which might be eliminated or neutralized by a liver if one were supplied. It is known that the products of incomplete metabolism accumulate in the blood of the liverless animal. Bollman, Mann and Magath (11) have reported the presence of increased amounts of uric acid and a probable increase in ammonia (12) in the blood of dogs deprived of the liver. Work already reported from this laboratory has confirmed these uric acid findings in rabbits suffering from pronounced liver insufficiency (6) . Doubtless other products of incomplete metabolism accumulate in the blood of the animals as well. Both in the "liver transfusion" and cross-transfusion experiments there was ample opportunity for the donor liver to destroy or excrete toxic substances in the blood if such had been present. Furthermore in the cross-transfusion experiments there must have oc-curred a dilution of any toxic substances, present in the recipient's blood, by admixture with the donor's blood. Despite these favorable conditions no improvement was observed in the condition of the liverless animals.
A toxic product accumulating in the blood of a liverless rabbit in amounts sufficient to kill might be expected to register some deleterious effect upon a normal animal through which the entire blood bulk, of the liverless one was suddenly circulated by transfusion. But no such effect was observed upon the donor rabbits in our cross-transfusion experiments. The animals serving as donors were allowed to recover from the anesthetic and carefully observed. They exhibited no abnormal symptoms whatever, even in the instances in which the hepatectomized rabbit's blood was allowed to run cephalad into the carotid artery of the donor, thus coursing through the brain and central nervous system of the latter before reaching the liver.
The symptoms of the second stage of liver insufficiency cannot be due to the mere lack of some essential substance, hormon.e or what not, which can be supplied from without at a late stage, as can sugar to prevent early death from deprivation of the liver. Previous work on hepatectomized animals (1-9) has not demonstrated a lack of essential substances other than glucose, but such work has not sufficed to exclude the possibility. The present work has made plain the fact that the normal organism cannot supply anything to the liverless one that will do away with or even ameliorate the second stage phenomena after hepatectomy, once these have appeared. But perhaps the second stage had failed to appear until the lack became so great that irremediable damage had been done. Against the validity of this improbable assumption there is evidence, but unfortunately no proof. The liverless animal at the time of the onset of the second stage is normal in appearance and our histological examinations at autopsy, even in the untreated liverless animal, show no definite degenerative changes in the central nervous system or elsewhere. Yet cross-transfusion fails to prolong life in these animals. The outlook for prolonging the life of human beings with severe liver insufficiency by supplying "biologicals" is not a promising one.
An accumulation of toxic substances or a lack of something essential there may be in the hepatectomized organism but if so this lack or accumulation has resulted in irreversibly damaging changes by the time the second stage has set in.
Was there an accumulation of toxic products which became fixed upon the tissues? The foregoing discussion has concerned itself chiefly with the possible presence or lack of substances freely circulating in the blood of the liverless animals. A toxic substance present in the blood in minute quantity might conceivably be continually removed or rendered harmless by the liver, but become fixed within the tissues on the absence of the organ, causing irreversible damage. Such a happening would account for the failure of cross-transfusion to cause any betterment. An irreversibility of the changes of liver deficiency as manifested by the second stage phenomena has been the invariable finding in our work.
Yet another possibility remains. Perhaps the liver by means of minute amounts of some substances controls the activity of other organs, and when it is lacking, some irreversible change takes place.
SUMMARY
The symptoms of advanced liver insufficiency, in the hepatectomized rabbit, are irreversible. That is to say, cross-transfusions between livefless rabbits and normal ones fail to ameliorate the symptoms of liver deprivation once they are established. The normal rabbits show no symptoms suggesting that toxic substances have accumulated in the blood of the hepatectomized ones.
